Pigment and lipid oxidations were investigated in longissimus lumborum (LL), semimembranosus (SM), and gluteus medius (GM) from Holstein steers fed four doses of vitamin E (64 [control], 295, 550, or 2,173 IU/d) for two durations (42 or 126 d). Vitamin E dose did not affect ( P = .30) carcass quality or yield characteristics. The LL was stored in vacuum packages at 4°C for 14, 28, and 56 d, and GM and SM were stored for 14 d. Increments of dose and duration of vitamin E supplementation increased ( P < .001) a-tocopherol concentration in blood plasma and in these muscles. During simulated retail display, accumulations of metmyoglobin (METMB) and thiobarbituric acid reactive substances (TBARS) were greater ( P < .01) in beef from control than in beef from supplemented steers. In cubic models, muscle a-tocopherol accounted for 79% of the variation in TBARS and 66% of the variation in METMB. Color display life, calculated by the METMB threshold method, revealed fewer dose and duration effects of vitamin E than were evident following analysis of variance of the METMB responses. Across durations and muscles, color display-life of fresh beef calculated by the METMB threshold method was extended ( P < .05) .9 to 1.8 d by vitamin E supplementation ( P < .05). Storage for 28 or 56 d caused only a slight decline ( P < .001) in LL atocopherol concentration but diminished ( P < .05) vitamin E effects on color display-life. Although the ranking of a-tocopherol accumulation was GM > SM > LL, the color display-life ranking of these muscles across vitamin E treatments was LL > SM > GM.
Introduction
Meat color is the main factor affecting beef product acceptability at retail points of purchase (Cassens et al., 1988) . Although a number of pigments are present in muscle, myoglobin makes the principal contribution to meat color (Huffman, 1980) . Oxidation of deoxymyoglobin or oxymyoglobin to metmyoglobin ( METMB) accounts for beef discoloration in retail display conditions. Studies with meat systems have shown that lipid and pigment oxidation are positively correlated (Hutchins et al., 1967; Greene, 1971) .
Several studies indicate that dietary vitamin E supplementation to steers causes accumulation of atocopherol in muscle tissue and that this antioxidant delays lipid and myoglobin oxidation and prolongs the color stability of displayed beef (Faustman et al., 1989; Arnold et al., 1993b) . However, titration of vitamin E dose and duration effects on color and lipid stability is needed to determine minimum effective applications of this technology.
This experiment was designed to quantify the relationship of dietary a-tocopheryl acetate dose and duration with color stability of three economically important muscles following vacuum, chilled storage, and simulated retail display. The relationship was also evaluated in terms of malondialdehyde development for one muscle.
al., 1993b) and contained 10.6% CP, .34% Ca, .34% P, .62% K, and .12 ppm of Se (Schulte et al., 1987) . The factorial arrangement of dietary treatments consisted of four doses of a-tocopheryl acetate (0, 250, 500, and 2,000 mg·steer −1 ·d −1 ; E0, E250, E500, and E2000, respectively) fed for two durations (42 and 126 d preslaughter) in three initial weight blocks (heavy, 407 kg; medium, 390 kg; and light, 372 kg) . Vitamin E treatments were achieved by blending spray-dried all-rac-a-tocopheryl acetate on rice hulls (HoffmannLa Roche, Nutley, NJ) with ground corn and feeding this premix at 3.5% of the diet DM. Steers from each weight block were implanted with 36 mg of zeranol (Pitman-Moore, Terre Haute, IN) and assigned randomly to combinations of dose and duration of dietary a-tocopheryl acetate. Initiation of vitamin E treatments was delayed for 3 and 6 wk, respectively, for medium and light blocks to accommodate labor and facility resources available at the time of meat display. Steers assigned to the 126-and 42-d durations weighed 418 and 533 kg, respectively, when treatments were initiated. Blood ( 7 mL) was obtained before the daily morning feeding via jugular venipuncture at 3-wk intervals. Heparinized blood samples were stored in ice for 2 to 6 h before centrifugation at 1,000 × g for 15 min. Plasma samples were stored at −20°C until they were analyzed for a-tocopherol concentration. Feed samples were collected twice weekly, composited, and stored at −20°C until they were analyzed for atocopherol and a-tocopheryl acetate concentrations.
Cattle were weighed on two consecutive mornings before feeding, transported 160 km, and slaughtered at Packerland Packing (Green Bay, WI). Carcasses were evaluated by one of us (SCA) for quality grade and yield grade factors at 24 h postmortem. Then the left strip loin, top round, and top sirloin butt were removed from each carcass, vacuum-packaged, and transported to the university meat laboratory. Subprimal cuts were stored until d 14 postmortem at 4°C. Portions of strip loin were stored under the same conditions until d 28 and 56 postmortem. After the desired storage period, cores (12 cm 2 × .8 cm) of meat from longissimus lumborum ( LL) , gluteus medius ( GM) , and semimembranosus ( SM, both inner and outer locations; Hunt and Hedrick, 1977) were placed on styrofoam trays, wrapped with oxygen-permeable fresh meat film (18,600 cm 3 O 2 ·m −2 ·d −1 at 23°C, Omnifilm 677-65-9217, Goodyear Tire & Rubber, Akron, OH), and displayed under simulated retail conditions consisting of 4°C with 2,250 ± 300 (SD) lx of continuous, cool white fluorescent illumination (Arnold et al., 1993b) . On d 0 of display, muscle core samples were sealed in vacuum packages for storage at −20°C until a-tocopherol analyses were conducted.
Meat color was evaluated by the percentage of METMB present among the meat surface myoglobins (Stewart et al., 1965) . The quotient (K/S 572nm )/(K/ S 525nm ) was determined with a Shimadzu UV-265 FW spectrophotometer with diffuse reflectance attachment (Arnold et al., 1992b) for triplicate cores.
Longissimus lumborum samples stored for 14 and 28 d were repeatedly measured for METMB on d 0, 2 through 10, and 12 of display; SM and GM stored for 14 d were measured on d 0 through 8 and 10 of display. For LL stored 56 d, the measurements were conducted on d 0 through 6 and 8 of display.
A thiobarbituric acid reactive substances ( TBARS) procedure modified from that described by Witte et al. (1970) was used to determine the development of lipid oxidation products in cores (12 cm 2 × .8 cm thick) of LL stored for 14 d (Arnold et al., 1992a) . This determination was done at d 1, 2, 4, 6, 10, and 14 of display.
Saponification, extraction, and HPLC procedures described by Arnold et al. (1993b) were used for determination of a-tocopherol concentrations in the basal diet, plasma, and muscle samples. Concentrations of a-tocopheryl acetate in samples of supplemented diets were determined without saponification.
Time required for discoloration to occur on steak surfaces was determined from the surface percentage of METMB by using the days to threshold approach (Arnold et al., 1992b) . The threshold levels of METMB were 14% for LL and 22% for GM and SM, which were assumed to be the levels required for visual detection of discoloration (Arnold et al., 1992b) .
Treatments were compared by analysis of variance using the GLM procedure (SAS, 1985) . For comparisons pertaining to muscle, aging period, or measurements over time, a split-plot analysis was used to account for repeated measurements. Vitamin E dose and duration and weight block were the main-plot variables, and sampling day, muscle, or aging period was the subplot variable. Day of display was the subsubplot. The error term for main-plot variables was the mean square of steers within vitamin E dose, duration, and weight block. The error term for subplot variables was the mean square of steers within vitamin E dose, duration, weight block, and muscle or aging period. The error term for the sub-subplot was the residual mean square.
For each muscle, polynomial regression analyses (SAS, 1985) were determined for each day of display between display d-0 a-tocopherol concentration and METMB or TBARS. The day of display for which coefficients of determination for the polynomial regressions were highest was selected. Coefficients of determination for quadratic, cubic, and quartic regressions were compared. Cubic relationships accounted for 105 and 99% of the coefficients of determination of quadratic and quartic relationships, respectively, and were chosen to serve as empirical models. Inflection point a-tocopherol concentrations were determined by calculating the second derivative of the cubic regression. 
Results and Discussion

Vitamin E Intake and Tissue Concentrations
The targeted vitamin E intakes were maintained throughout the experiment (Figure 1) . Vitamin E consumption averaged 64, 295, 550, and 2,173 IU/d for E0, E250, E500, and E2000 treatments, respectively, which implies that 231, 486, and 2,109 IU/d of supplemental vitamin E were supplied for E250, E500, and E2000 treatments. Vitamin E consumed by E0 steers was due to naturally occurring a-tocopherol in the basal diet.
Increments of dietary a-tocopheryl acetate dose and duration (Figure 2 ) increased ( P < .001) plasma concentrations of a-tocopherol. Alpha-tocopherol concentrations in plasma did not differ ( P = .26) among treatments on d 0 or among the 42-d durations on d 84. The ranking of plasma concentrations of atocopherol was E2000 > E500 > E250 > E0 ( P < .02) at all sampling times after initiation of supplementation. There was no difference within dose ( P = .17) between a-tocopherol concentrations in plasma samples collected 21 and 42 d after initiation of supplementation. This indicates that plasma a-tocopherol concentration equilibrated with dietary vitamin E intake within 21 d.
Dose and duration increments increased muscle atocopherol concentration ( P < .001). Average muscle concentrations of a-tocopherol were E2000 (4.95 mg/g) > E500 (2.27 mg/g) > E250 (1.39 mg/g) > E0 (.59 mg/ g). The average concentration for the duration of 126 d (2.88 mg/g) was greater than that for 42 d (1.72 mg/ g). Muscle differences were also observed ( P < .001). The rank was GM (2.69 mg/g) > SM (2.24 mg/g) > LL (1.97 mg/g). There were interactions for dose × duration ( P < .001) and dose × duration × muscle ( P < .05, Figure 3 ). For a given dose and duration, GM accumulated more a-tocopherol than LL, and SM was intermediate. There were no differences ( P = .14) within muscle for a-tocopherol concentrations between E250-126 d and E500-42 d treatments.
Extension of the aging period from 14 d (1.97 mg/g) to 28 d (1.82 mg/g) or 56 d (1.89 mg/g) caused a slight decline ( P < .001) in LL a-tocopherol concentration. There was no dose × duration × aging period interaction ( P = .69), so only treatment differences within the dose × duration interaction ( P < .001) are identified in Figure 4 . In this data set, no differences were detected ( P = .07) for the pairwise combinations of E0-126 d and E250-42 d, E250-126 d and E500-42 d, and E500-126 d and E2000-42 d.
Accumulation of a-tocopherol in skeletal muscle due to dietary vitamin E supplementation in finishing steer diets has been reported previously (Faustman et al., 1989; Arnold et al., 1993b) . Increases in LL, SM, and GM, but not plasma, a-tocopherol concentration due to treatment durations longer than 42 d are consistent with the conclusion of Arnold et al. (1993a) that the skeletal muscle a-tocopherol pool equilibrates with dietary vitamin E intake more slowly than does the plasma pool. The a-tocopherol concentration in pork (Asghar et al., 1991) and beef (Arnold et al., 1993a) longissimus as well as in mitochondrial and microsomal fractions of the muscle increased with increments in dietary vitamin E concentration. Equilibration between dietary vitamin E intake and subcellular pools of a-tocopherol in muscle has not been studied yet.
Greater a-tocopherol accumulation in GM than in LL has been observed previously (Arnold et al., 1992a (Arnold et al., , 1993a . There are no clear explanations for muscle differences in a-tocopherol concentration. The distribution of capillaries may be different among muscles. Sosnicki et al. (1990) observed that capillary density in turkey biceps femoris was doubled compared with that in pectoralis muscle. Hunt and Hedrick (1977) showed differences in hemoglobin as a proportion of total pigment among LL (5%), GM (11%), and SM ( 6 to 10%), which could mean that a higher proportion of a-tocopherol in GM comes from erythrocytes and plasma.
Carcass Characteristics
Dietary vitamin E dose did not affect ( P = .30) carcass quality or yield grades (Table 1) . Although Arnold et al. (1992a) found a reduction in dressing percentage due to the E2000 level of supplementation, this result was not found here. The longer duration of vitamin E supplementation resulted in a higher marbling score, improved quality grade, smaller longissimus muscle area, and less desirable yield grade ( P < .05). No explanation or hypothesis is available for these effects. The prevailing indication (Arnold et al., 1992a; 1993b) is that supranutritional vitamin E supplementation has no effect on carcass quality and yield grades. Kobayashi and Takasaki (1985) found no advantage in carcass weight, marbling, quality grade, or ribeye area due to feeding vitamin E to Holstein steers at levels above that provided by the basal diet. Hill et al. (1990) also found no effect of approximately 1,140 mg of vitamin E per steer daily for 126 d on carcass quality grade.
Metmyoglobin Formation
Metmyoglobin formation was delayed ( P < .01) in LL, GM, and SM by increasing vitamin E dose and duration (Figures 5a,b,c) . Mean percentages of METMB were ranked ( P < .001) 60.0 (GM) > 55.4 (SM) > 33.6 ( L L ) for muscles that had been aged for 14 d. Hood (1980) also showed the same trend for METMB accumulation in these three muscles. No differences in METMB formation between E250 and E500 treatments were observed ( P > .28). When duration was increased, METMB percentages were 39.9 and 32.9% in LL, 50.7 and 42.7% in SM, and 53.5 and 49.2% in GM for 42 d and 126 d durations, respectively. There were no dose × duration interactions ( P = .38), although dose × duration × day of display interactions were present ( P < .001) for LL and SM. These results indicate that responses of METMB to daily dose of vitamin E were proportional to the duration of supplementation for all doses, and that increases in LL and SM METMB occurred on different days for the several combinations of dose and duration. There was a dose × duration × muscle interaction ( P < .01) for METMB, as there was for atocopherol. Gluteus medius accumulated more METMB for the several vitamin E treatments than was observed for LL.
Similar results were found for LL and GM by Arnold et al. (1992a Arnold et al. ( , 1993a who reported that METMB formation was delayed and reduced by dietary vitamin E supplementation to finishing steers. Although they did not systematically titrate vitamin E doses and durations in their studies, the trend for delayed METMB formation due to elevated vitamin E dose and duration was evident. Other investigators (Faustman et al., 1989; Comstock et al., 1991; Garber et al., 1992) reported delayed METMB formation in beef products due to dietary vitamin E supplementation.
Prolonged aging of LL muscle for 56 d increased ( P < .05) METMB accumulation (46.9%) relative to aging periods of 14 d (28.0%) and 28 d (28.2%) (Figures 6a,b,c) . These results are comparable to those of our previous study that indicated that METMB formation occurred later for LL and GM aged 7 d than for that aged 21 d (Arnold et al., 1993b) . Data for d 1 and 2 of LL aged 56 d (Figure 6c ) are missing due to a lamp failure during evaluation of one slaughter group. Increments in dose and duration diminished ( P < .02) METMB accumulation for all aging periods. Metmyoglobin percentages were 51.7, 37.3, 34.6, and 22.0% for LL aged 14 d; 52.6, 41.0, 38.3, and 30.1% for LL aged 28 d; and 56.4, 46.5, 49.2, and 35.4% for LL aged 56 d, for E0, E250, E500, and E2000 treatments, respectively. Doses of E250 and E500 were not different ( P = .23). Interactions of dose × duration and dose × duration × day of display were not detected ( P = .08) for aging periods of 28 d and 56 d. The diminished myoglobin stability following extended aging was more marked than the decline in atocopherol concentrations in LL due to length of the aging period (Figure 4) . Our subsequent and unpublished observations have indicated that the absence of ascorbic acid from the a-tocopherol extraction medium lowers muscle a-tocopherol concentrations to 38% of concentrations obtained with the cited procedure of Arnold et al. (1993a) . Bourgeois (1992) reported that ascorbic acid in the presence of HCl reduces atocopherol quinones to a-tocopherol. These observations raise the prospect that ascorbate regenerates oxidized a-tocopherol that could arise during the extraction process or during meat storage. It seems that the procedure of Arnold et al. (1993a) yields estimates of total a-tocopherol in muscle. Also, it is plausible that denaturation of proteins during aging of beef releases prooxidant metal ions that make lipid and myoglobin more prone to oxidation upon exposure to oxygen.
Color Display-Life
Color display-life was extended by increments in vitamin E dose for LL and SM ( P < .001), and by duration for LL ( P < .05) ( Table 2 ). Doses of E250 and E500 were not different ( P = .77) for LL and SM and the dose × duration interaction was not detected ( P = .40) for any muscle. These results are consistent with the larger METMB data set from which the color display-life estimates were derived, with the exception that neither dose nor duration affected ( P = .83) color display-life of GM. This may indicate that this method of color display-life calculation lacks sensitivity toward the vitamin E effect on GM.
Analysis of the data combined across muscles revealed that estimates of color display-life (Table 2 ) differed due to dose and muscle ( P < .001) but not duration ( P = .08). The absences of a duration effect and of a difference between E0 and E500 ( P = .05) are in contrast to the analysis of METMB results. A dose × muscle interaction ( P < .001) existed in which doses ranked E0 < E250 = E500 < E2000 for LL and SM, but dose was without effect ( P = .83) on GM.
It is well known that meat color stability is muscledependent (Hood, 1980; Renerre and Labadie, 1993) . Renerre (1990) classified nine muscles from beef carcasses into three groups. Longissimus muscle was in the most stable group, SM was of intermediate stability, and GM was in the least stable group. It is still unclear what causes the different color stabilities among muscles (Renerre and Labadie, 1993) . O'Keefe and Hood (1982) compared the color-unstable psoas major to LL and found the former to have higher oxygen consumption and deoxygenation rates. Renerre and Labas (1987) reported that poor color stability was associated with a high oxygen consumption rate, high concentrations of haeminic iron and cytochrome a + a 3 , and a high rate of myoglobin autoxidation, although inconsistencies in these relationships were noted across three muscles. Ledward (1985) showed that METMB reducing activity was positively associated with color stability, but the results of Renerre and Labas (1987) and Echevarne et al. (1990) were not supportive of this association. Color stability among beef muscles has been negatively associated with rates of lipid oxidation (Gattelier et al., 1992) and also attributed to "inherent metabolic differences" (Faustman and Cassens, 1991) .
Dose increments increased ( P < .01) color displaylife for LL aged 14 and 28 d and duration extended ( P < .05) color life only for LL aged 14 d. Doses of E250 and E500 were not different ( P = .91), and a dose × duration interaction was not detected ( P = .25). In contrast, dose and duration effects occurred for all aging periods, based on the METMB data. With similar vitamin E intakes, a dose of E500 fed for 126 d resulted in a 14-d-aged LL color life extension of 32% (1.3 d ) relative to E0-126 d in this study ( P < .08) compared with extensions of 51% (2.4 d ) and 59% ( 2 d ) for LL aged 7 d and 21 d, respectively (Arnold et al., 1993b) . The nature of the vitamin E effect is more consistent across the present and previous studies than is the extent of the effect.
Analysis of data combined across aging periods indicated that supplemental vitamin E and decrements in aging period improved ( P < .01) color display life (Table 3) . Doses of E250, E500, and E2000 were not different ( P = .07). Dose × duration and dose × duration × aging period interactions were not detected ( P = .51). Arnold et al. (1993b) found that E2000 was superior to E500 in terms of color life for LL aged 21 d, but not 7 d. This led to the suggestion that greater doses of vitamin E may be beneficial for beef aged for longer periods. This suggestion is not supported by this analysis because a dose × aging period interaction ( P < .05) indicated contrarily that E2000 > E500 = E250 > E0 after 14 d; E2000 = E500 = E250 > E0 after 28 d; and no doses differed ( P = .27) after 56 d. Table 2 . Dose and duration effects of supplemental vitamin E on time to first detectable discoloration for longissimus lumborum (LL), semimembranosus (SM), and gluteus medius (GM) a calculated by the metmyoglobin threshold method b a All muscles were aged for 14 d. b Thresholds were 14, 22, and 22% metmyoglobin for longissimus lumborum, gluteus medius, and semimembranosus (Arnold et al., 1992b) .
c,d,e Means within a muscle or dose lacking a common superscript letter differ ( P < .05). f SEM = .13. g,h,i Means within a row lacking a common superscript letter differ ( P < .01). 
TBARS Accumulation
Lipid oxidation in LL, as indicated by TBARS, was markedly suppressed ( P < .001) by dose and duration of dietary vitamin E supplementation ( Figure 7 ). Average TBARS numbers were different ( P < .001) among doses and across days displayed were 3.99, 2.77, 2.07, and .96 mg of malondialdehyde equivalents/kg of fresh meat for E0, E250, E500, and E2000, respectively. As was true for METMB formation on LL, there was no dose × duration interaction ( P = .75), although a dose × duration × day of display interaction was present ( P < .001). It seems that TBARS accumulation was more closely related to and markedly suppressed by dietary vitamin E than was myoglobin oxidation. TBARS, but not myoglobin oxidation, allowed for discrimination between E250 and E500. Vitamin E is a lipid-soluble antioxidant that is capable of quenching lipid oxy-radicals (Liebler et al., 1986) and protecting membrane lipids against oxidation (Burton et al., 1983) . The efficacy of dietary vitamin E in suppressing lipid oxidation is diminished substantially following cooking, as shown when GM from these steers was cooked to 69°C, sliced, and displayed aerobically (Liu et al., 1994) .
Relationships Between Muscle α-Tocopherol
Concentration and Myoglobin Oxidation or TBARS Accumulation
The highest coefficients of determination between METMB accumulation and a-tocopherol concentration occurred on d 7 and 6 for LL aged 14 and 28 d and on d 4 for SM aged 14 d. Day 6 produced the highest The inflection-point a-tocopherol concentration was estimated by determining the abscissa of the inflection point in the above cubic relationships. Inflection points coincided with a-tocopherol concentrations of 4.27 (Figure 8a ), 4.25 (not shown), and 4.82 mg/g (Figure 8b ) of fresh meat, respectively, for LL aged 14 d, LL aged 28 d, and SM aged 14 d. For TBARS development in LL aged 14 d, the inflection point concentration was 5.27 mg/g (Figure 8c ). This method of data set summarization is objective and based on the entire available data set. A limitation of this approach is that the cubic effect falsely suggests that concentrations greater than the inflection point concentration would be more effective. Application of this method to the present data set is compromised by the presence of relatively few data in the vicinity of the inflection point concentration. The inflection-point concentration facilitates comparisons among data sets to determine the efficacy of a-tocopherol. Longissimus a-tocopherol concentration accounted for more variation in TBARS number than METMB percentage.
Using a limited number of observations for ground GM, Faustman et al. (1989) suggested the minimal atocopherol concentration for maximum inhibition of METMB accumulation to be 3.0 mg/g fresh meat.
Based on their METMB data, Arnold et al. (1993a) calculated that an optimal concentration was 3.3 mg/g for maximum inhibition of METMB formation and 3.1 mg/g for lipid oxidation. Inflection-point concentrations estimated from this study are higher than those estimates; however, the method used in their studies was different from that in this study. They determined the optimal a-tocopherol concentration to be the intersection of two linear regression equations. This method may underestimate the maximal effective concentration because a subjective method was employed for dividing the data set into subsets for calculating the two linear regression equations. In addition, beef in their study was aged only 7 d. Despite differences in summarization of muscle atocopherol data, all studies indicate a dose responsiveness of myoglobin oxidation and TBARS accumulation to muscle a-tocopherol, and concentrations of 3.0 to 5.27 mg of a-tocopherol/g of fresh meat substantially delayed these oxidative processes. It would be advantageous to feed the minimum amount of vitamin E required to realize a consistent, economically detectable improvement in color stability. Williams et al. (1992) reported economic benefit for beef cuts that were derived from Holstein steers that received 500 IU of supplemental vitamin E·steer −1 ·d −1 for the final 100 to 120 d of the finishing period, and these cuts were aged 7 to 29 d before retail display. The E500-126 d treatment is relevant to the supplementation regimen used in their study. The range of muscle a-tocopherol concentrations for this treatment was 2.5 mg/g of LL to 3.2 mg/g of GM, which delayed METMB formation. Similar a-tocopherol concentrations and METMB suppressions were observed for the E2000-42 d treatment. A concentration of 3.3 mg/g of LL could also be achieved with a supplementation rate of 1,300 IU/d for 44 d or 400 IU/d for 6 mo (Arnold et al., 1993a) .
Implications
This study displayed further evidence that dietary vitamin E supplementation delays thiobarbituric acid reactive substance (TBARS) and metmyoglobin formations, thus extending color display life of beef. Increments in dose up to 2,173 IU/d and duration up to 126 d suppressed oxidation in meat, although TBARS development was more sensitive to dose than myoglobin oxidation. Vitamin E contributed to myoglobin stability even after chilled, vacuum storage of LL for 56 d, although a-tocopherol concentration accounted for less variation in metmyoglobin on d 56 than on d 28 or d 14. Across vitamin E treatments, the ranking of muscle a-tocopherol concentration was gluteus medius (GM) > semimembranosus (SM) > longissimus lumborum (LL), yet the ranking based on metmyoglobin formation was GM > SM > LL. Inconsistencies existed between vitamin E effects on metmyoglobin formation vs color display-life calculated on the basis of metmyoglobin threshold.
